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Summary 

Ultra-high temperature ceramics (UHTC) are of interest for hypersonic vehicle leading edge 
applications. Monolithic UHTCs are of concern because of their low fracture toughness and brittle 
behavior. UHTC composites (UHTCC) are being investigated as a possible approach to overcome these 
deficiencies. In this study a small sample of a UHTCC was evaluated by limited mechanical property 
tests, furnace oxidation exposures, and oxidation exposures in a flowing environment generated by an 
oxy-acetylene torch. The composite was prepared from a carbon fiber preform using ceramic particulates 
and a preceramic polymer. Test results raised concerns about microcracking due to thermal expansion 
mismatch between the matrix and the carbon fiber reinforcements, and about the oxidation resistance of 
the HfB 2 -SiC coating layer and the composite constituents. However, positive performance in the torch 
test warrants further study of this concept. 


Introduction 

The high melting points of refractory metal diborides coupled with their ability to form refractory 
oxide scales give these materials the capability to withstand temperatures in the 1900 to 2500 °C range. 1 
These ultra-high temperature ceramics (UHTC) were developed in the 1960’s. 2 Fenter 3 provides a 
comprehensive review of the work accomplished in the 1960’s and early 1970’s. Additions of silicon 
carbide are used to enhance oxidation resistance and limit diboride grain growth. Carbon is also 
sometimes used as an additive to enhance thermal stress resistance. These materials offer a good 
combination of properties that make them candidates for airframe leading edges on sharp-bodied reentry 
vehicles. 1 UHTC have some potential to perform well in the environment for such applications, i.e. air at 
low pressure. However, for hypersonic flight in the upper atmosphere one must recognize that stagnation 
pressures can be greater than one atmosphere. Thus their poor oxidation resistance can be an issue. 4 
Unreliable behavior that results from low fracture toughness and large scatter in material properties is also 
an issue that can arise under severe thermal shock and gradient loads, or at attachments. 4 

At very high temperatures in a flowing environment most of the B 2 0 3 5 and Si0 2 6 formed by oxidation 
will be lost by evaporation or active oxidation. Thus, the primary protective oxidation barrier for the 
refractory metal borides is the refractory metal oxide scale plus residual B 2 0 3 and Si0 2 found in the 
interior of the oxide scale. In the case of ZrB 2 or HfB 2 we are dependent on Zr0 2 or Hf0 2 , respectively. 
Background information on these oxides can be found in the compilation edited by Alper. 7 These oxides, 
if perfect, would be good oxygen barriers. However, Zr0 2 and Hf0 2 become nonstoichiometric by 
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forming oxygen lattice vacancies under low oxygen partial pressure conditions. They are also readily 
modified by aliovalent cations of lower valence to form oxygen lattice vacancies that allow rapid oxygen 
ion transport through the scale. So, from a chemistry perspective, Zr0 2 and Hf0 2 are not good choices for 
a protective oxide scale. In addition, the volatile oxidation products cause the formation of a porous, 
permeable oxide scale. Another issue with Zr0 2 and Hf0 2 scales is their phase instability. At high 
temperatures, Zr0 2 and Hf0 2 are tetragonal. Upon cooling to room temperature they transform to the 
monoclinic structure with an attendant volume expansion. This phase transformation, coupled with their 
high thermal expansion coefficient and low thermal conductivity, 8 can easily lead to cracking and spalling 
under thermal transient conditions. 

One means of possibly overcoming the reliability issue is to introduce fibers as a toughening and 
strengthening phase, and as a pathway to architectural tailoring of properties such as thermal conductivity, 
stiffness, strength, etc. Fiber choices at this time are limited to carbon. This introduces new problems such 
as the need for new processing approaches, oxidation of the reinforcing phase, and thermal expansion 
mismatch between the carbon fibers and the UHTC matrix to name just a few. 

The purpose of this study was to examine UHTC composites (UHTCC) as an approach to resolving 
the reliability issue. Fiber reinforcement and functional grading are being examined to increase toughness 
and improve reliability. These approaches are being integrated with alloying approaches to improve 
oxidation resistance to develop UHTC materials with improved robustness for leading edge applications. 
The characterization and performance of one composite material approach for improving UHTC 
robustness is reported in this paper. A composite plate produced by Starflre Systems, Inc., Watervliet, 
New York, was examined in detail in the as-produced condition and after mechanical and oxidation tests. 
A caveat to keep in mind is that very little development effort went into this approach. A second objective 
of this study was to reveal some of the issues associated with the UHTCC concept. 


Experimental Procedures 

Materials 

An ultra-high temperature ceramic composite plate (part number 000928-6-64) was produced by 
Starfire Systems, Inc. The constituents were Zoltek Panex® 30 carbon fabric PW06, Starflre Systems’ 
SP-matrix polymer (allylhydridopolycarbosilane (AHPCS)), HfB 2 powder, and SiC powder. For the 
initial processing cycle the Zoltek cloth was cut into -15 by -15 cm (6 by 6 in.) pieces. Eleven plies were 
used; the bottom 6 layers of cloth were coated with SiC/ AHPCS slurry and the top 5 layers were coated 
with HfB 2 /AHPCS slurry. The coated cloth was put into an aluminum mold and pressed to -12 MPa. The 
mold was clamped and cured under inert gas to 400 °C. The plate was removed from the mold and 
clamped between graphite plates and fired to 850 °C under inert gas to pyrolyze the AHPCS. Processing 
to 850 °C results in volatilization of about 95 percent of the potential pyrolysis products. 9 

Cycles 2 and 3 consisted of coating application of HfB 2 /AHPCS slurry to the HfB 2 side of the plate. 
After each cycle the composite was clamped between graphite plates and fired to 850 °C under inert gas. 

Cycles 4 through 10 consisted of vacuum infiltration with AHPCS only and pyrolysis to 850 °C under 
inert gas without clamping in a mold. The processed plate, shown in figure 1 had dimensions of 150 by 
150 by 6 mm. The plate was trimmed and cut into flexure test specimens, oxidation coupons, and torch 
test coupons as shown in figure 2. As a result, specimen edges were not protected by matrix material. 

One piece of scrap material was characterized in the as-produced condition using X-ray diffraction 
(XRD), optical microscopy of a polished cross-section, and scanning electron microscopy (SEM) of the 
as-produced surfaces and of the polished cross-section. 
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Flexural Tests 


Five four point flexural tests were carried out at span to depth ratios of -14 and -16. Some tests were 
run with the HfB 2 side in tension and some tests were run with the C/SiC side in tension. A span to depth 
ratio of -14 was initially achieved using a 40 mm inner span and an 80 mm outer span (the largest fixture 
available at the time). A span to depth ratio of -16 was achieved using a 48 mm inner span and a 96 mm 
outer span fixture that was fabricated later. A span to depth of 16 is the minimum required by ASTM 
Standard Cl 341 for a proper composite flexural test. 10 Lower ratios drive the failure mode toward shear 
failures. 


Furnace Oxidation 

Oxidation coupons were 2.54 by 1.27 by 0.32 cm. Weighed and measured samples were loaded into a 
slotted Zr0 2 refractory brick. Samples were exposed to ten-minute oxidation cycles in stagnant air at 
1627 °C. One sample was removed after one cycle, five cycles and ten cycles. A maximum exposure time 
of 100 minutes was thus achieved. Weight change was measured. X-ray diffraction (XRD) was used to 
identify oxide phases present after exposure. After surface microstructural analyses by SEM and X-ray 
energy dispersive spectroscopy (XEDS), samples were cross-sectioned and polished in non-aqueous 1 pm 
diamond polishing media. Water was avoided to preserve any boria that might be present as an oxidation 
product. Polished cross-sections were examined using optical and scanning electron microscopy. 


Torch Test 

Limited oxidation studies were also carried out in a flowing oxyacetylene torch environment. The 
2.5 by 2.5 cm by 6 mm thick specimen was mounted in a water cooled picture frame, air-cooled from the 
back side, and shuttled in and out of an established flame to accumulate thermal cycles. The flame 
impinged on the HfB 2 coated side. Temperature was monitored with an Ircon R-series two-color optical 
pyrometer calibrated for the temperature range 980 to 1760 °C. A specimen was exposed to one four 
minute exposure reaching a maximum temperature of 1805 °C. A second specimen was exposed to three 
4-minute cycles attaining temperatures of 1815, 1915, and 2015 °C on the first, second, and third cycles, 
respectively. Specimens were photographed, and weighed. XRD, optical microscopy, and SEM 
characterizations were performed. 


Results and Discussion 

UHTCC Description 

The as-received composite plate was non-uniform from front to back surface as shown in figures 1 
and 3. The C/SiC surface had a fibrous, uniform appearance; XRD analysis revealed the presence of SiC 
and C. The HfB 2 -rich surface was smooth and non-uniform in appearance with evidence of a coarse grain 
structure; XRD analysis confirmed the presence of HfB 2 . Micro-cracks can be seen in the higher 
magnification photo of the HfB 2 -rich side. With higher magnification SEM, figure 4, the weave pattern on 
the SiC-rich surface becomes clear. Micro-cracks in the SiC matrix and the HfB 2 coating are now clearly 
visible. Figure 5 is a light optical microscopy montage across the thickness of the plate. Micro-cracks are 
present throughout the thickness as one might expect from a carbon fiber reinforced composite with 
attendant large thermal expansion mismatch between the SiC and HfB 2 matrix phases and the fibers. 
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The HfB 2 coating layer is comparable in thickness to a fiber ply or about 0.6 mm, and surface micro- 
cracks were evident. 

Figures 6, 7, and 8 are three sets of light optical photomicrographs near the SiC-rich surface, near the 
center of the plate, and near HfB 2 -rich surface, respectively. Each figure contains a series of four photos 
at increasing magnifications. In figure 6 the lighter gray matrix phase is SiC particulate and the darker 
gray matrix phase is polymer derived. This is supported by figure 9(a) where the polymer derived phase is 
identified as Si-O-C. The two photos on the left of figure 7 were taken at the transition from SiC 
impregnated plies to HfB 2 impregnated plies. Figure 8 focuses on the HfB 2 coating layer and reveals that 
surface cracks run through the coating thickness. Figure 9(b) shows an area of the coating in more detail. 
The Si-O-C phase in the matrix is polymer derived. It was not detected by XRD, but it could be 
amorphous since the pyrolysis temperature was only 850 °C. 


Mechanical Properties 

Limited four point flexural tests were carried out at span to depth ratios of -14 and 16 with markedly 
different results as summarized in tables 1 and 2. Tests were run with the C/SiC or the HfB 2 coated side in 
tension. At the shorter span to depth failures occurred under a loading pin for both orientations. At a span 
to depth of 16 failures occurred in the center of the span with fracture initiating in tension, table 1. 

Predicted loads for tensile failure were calculated based on beam theory and the rule of mixtures. 

It was assumed that the matrix made no contribution and that the fibers failed at a tensile strain of 
0.7 percent. A fiber tow ultimate strength of 193 GPa was used in the calculations. Predicted loads are 
compared to observed ultimate loads in table 1 . Agreement is remarkably good. 

Ultimate flexural strength, strain at ultimate stress, stress and strain at deviation from linear elastic 
behavior are reported in table 2 and they are summarized in figure 10. Strains at ultimate stress ranged 
from about 0.6 to 0.7 percent for the C/SiC side in tension, and 0.4 to 0.6 for the HfB 2 side in tension. At 
constant span to depth the strain at ultimate stress was about 0.2 percent greater for the C/SiC side in 
tension and the ultimate strength was also higher. Stress versus strain plots are shown in figures 1 1 and 
12. The curves are nonlinear from the start as is typical of a composite with a micro-cracked matrix. The 
high strains attained before failure and the fact that the specimens remained intact are indicative of 
composite behavior. 


Furnace Oxidation 

Photographs of the C/SiC and HfB 2 sides of UHTCC oxidation coupons after exposure to 1, 5 or 
10 ten-minute cycles of static furnace oxidation at 1617 °C are shown in figure 13. A non-uniform glassy 
oxide formed on the C/SiC side. XRD analysis detected Si0 2 as a-cristobalite and SiC. A light colored 
oxide scale formed on the HfB 2 side. XRD analysis indicated that the scale was HfSi0 4 and monoclinic 
Hf0 2 . SEM of the oxide scales is shown in figure 14. A porous, microcracked scale formed on the C/SiC 
side. XEDS results were consistent with identification as Si0 2 . A two phase micro-cracked scale formed 
on the HfB 2 coated side. The angular phase is Hf0 2 or HfSi0 4 and the amorphous phase is Si0 2 . 

Weight change data are plotted in figure 15. The interpretation of the data needs to be tempered by 
the fact that the specimens were cut from a larger plate without providing oxidation protection for the cut 
edges. This may expose the carbon fibers to rapid attack from the edges. The fibers are also subject to 
rapid oxidation attack through coating and matrix micro-cracks if these abundant cracks are not rapidly 
sealed at the exposure temperature by thermal expansion mismatch, and protective oxide scale or glass 
formation. Finally, AHPCS pyrolysis was only about 95 percent complete. Completion of pyrolysis may 
account for about 1 percent of additional weight loss. 
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After one ten-minute exposure the specimens lost about 5 percent of their weight and after one hour 
of exposure the weight loss was almost 10 percent. The significance of these values will become clearer 
from metallographic cross-section data. 

Metallographic cross-sections of the coupons oxidized at 1627 °C for one, five, and ten cycles are 
shown in figure 16. On the C/SiC side nearly one, one, and slightly more than one carbon ply were 
consumed by oxidation after one, five and ten oxidation exposures, respectively. On the HfB 2 coated side 
of the composite the coating was nearly consumed and carbon attack was less than one ply after 
10 cycles. These results indicate that a seal coat is needed on the C/SiC side and a more oxidation 
resistant coating is required on the UHTC side of the composite. 

Along the uncoated edges the depth of fiber consumption was greater by about two times on the 
C/SiC side as compared to the UHTC side. Disregarding near surface plies, the average depth of fiber 
attack from the uncoated edge on the C/SiC side was 1.41, 1.47, and 1.64 mm after one, five and 
ten oxidation exposures, respectively. The average depth of fiber attack from the uncoated edge on the 
UHTC side was 0.53, 0.73, and 0.68 mm after one, five and ten oxidation exposures, respectively. The 
sample exposed for one cycle was attacked at only one edge. The other edge was presumably close to the 
original panel edge and still benefited from the better infiltration that occurs along edges. These results 
indicate that a seal coat is needed on the cut edges or that cutting should be done prior to completion of 
fabrication so that a SiC or other protective layer is developed on the cut edges. They also indicate that 
the HfB 2 phase oxidation products, possibly in combination with Si0 2 , are having a beneficial effect with 
regard to oxidation of the carbon fibers. 

A scanning electron micrograph of a specimen cross-section from the specimen exposed for ten 
ten-minute cycles is shown in figure 17. Elemental dot maps were used to identify phase distributions and 
these results are shown as labels on the figure. The predominant oxide is HfSi0 4 in agreement with XRD 
results. Isolated particles of Si0 2 and Hf0 2 were found. HfB 2 is depleted in the layer shown except for a 
few large isolated particles. 


Torch Tests 

A series of photographs of the cool down of the sample exposed to a maximum temperature of 
1805 °C for four minutes is shown in figure 18. The temperature versus time history of this specimen 
during exposure to the oxyacetylene torch flame is given in table 3. Temperature spikes were observed 
during the test. This is an indication that adherence of the Hf0 2 -rich scale is an area of concern. The 
sample exposed for 4 minutes lost 1.9 percent of its initial weight and the sample exposed for three 
four-minute cycles lost 4.6 wt%. 

Only a small area at the center of each coupon was exposed to the highest temperature. The oxidation 
pattern of the entire coupon and higher magnification views of the center of the coupon exposed for three 
four-minute cycles are shown in figure 19. The scale formed in the hottest area is light in color and highly 
micro-cracked. Surface SEM and cross-section metallographic and SEM analyses were performed at the 
three locations marked by the gold foils on this specimen and at similar locations on the specimen 
exposed for four minutes. The SEM in figure 20 shows a montage of photographs taken near the center of 
the specimen exposed for three four-minute cycles. The tip of the foil is at the right of the figure and the 
center of the specimen is at the left. The oxide scale is micro-cracked and contains pores. Si0 2 -rich and 
Hf0 2 -rich areas are present. In cooler regions, at Ring A and Ring B as labeled in figure 19, the scales are 
Si0 2 -rich, micro-cracked, and homogeneous in appearance as shown in figure 21. Pores are evident in the 
Ring A scale. 

Highlights of the cross-section metallographic and SEM analyses are given in figures 22 and 23. 
Figure 22 shows cross-sections at the center of the specimens exposed for one and three four-minute 
cycles. The C/SiC side shows consumption of the carbon fibers to greater than 1 ply after 4 minutes and 
2 plies after 12 minutes. The HfB 2 plus Si-O-C coating is nearly totally consumed after 4 minutes and 
totally consumed after 12 minutes. The extent of coating attack is shown at higher magnification in 
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figure 23. The outermost dark scale is Si0 2 . Below that is a thin band of lighter in appearance Hf0 2 
and HfSi0 4 . 


Concluding Remarks 

Processing 

A uniform microstructure was achieved with the C/SiC side having a Si-O-C plus SiC matrix and the 
UHTC side having a Si-O-C plus HfB 2 matrix. Matrix cracking due to thermal expansion mismatch 
between the carbon fibers and the matrix constituents is an area of concern. 


Mechanical Properties 

Flexural strength was close to expected values based on beam theory and the rule of mixtures with no 
matrix contribution. There was some evidence of composite behavior. 


Furnace Oxidation 

Based on weight loss, carbon fiber oxidation occurred rapidly with nearly one ply consumed after one 
ten-minute exposure. After ten ten-minute exposures the carbon consumption slightly exceeded one ply 
on the C/SiC side and was less than one ply on the UHTC side. This is indicative of some protection 
afforded by the HfB 2 plus Si-O-C coating layer at 1627 °C. However, this coating layer was nearly 
consumed after ten furnace exposure cycles. These results indicate that a seal coat is needed on the C/SiC 
side and a more oxidation resistant coating is required on the UHTC side of the composite. Extensive 
carbon fiber consumption at cut edges indicates that a seal coat is needed on the cut edges or that cutting 
should be done prior to completion of fabrication so that a SiC layer is developed on the cut edges. That 
is, one should strive to produce a net shape part as the final product of processing. HfB 2 slowed the 
oxidation of the carbon fibers from both the cut edges and from the UHTC coated surface relative to the 
C/SiC side of the composite. 


Torch Test 

The UHTCC material withstood -2000 °C (-3600 °F), severe heat-up and thermal gradients with 
no major macroscopic distress. Based on observed temperature spikes during test, adherence of the 
Hf0 2 -rich scale is an area of concern. Based on metallographic evidence the observed weight losses are 
attributed primarily to carbon fiber oxidation below the as-produced coupon faces and along cut edges. 
The HfB2 plus Si-O-C coating layer on the UHTC side of the composite was nearly consumed after one 
four-minute exposure and was totally consumed after three four-minute exposures. 


Recommendations and Future Work 

The thermal stress response of this early UHTCC makes the concept worthy of further study. Fiber 
coatings need to be incorporated to address fiber oxidation issues. Also, advanced SiC fibers need to be 
evaluated to address oxidation and thermal expansion mismatch issues. Use temperature concerns with 
SiC fibers are mitigated by the thermo-mechanical loads on a typical leading edge. Compressive stresses 
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are prevalent at the leading edge and tensile stresses are prevalent in the cooler regions due to a 
combination of aerodynamic, thermal, and attachment loads. Oxidation resistance can be improved by 
limiting SiC content, raising the processing temperature to produce purer SiC from the polymeric 
precursor, and providing HfB 2 or another boron source throughout the composite. Net shape fabrication to 
avoid machined edges is another important improvement step. We plan to pursue these avenues as 
continuing development proceeds. 
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Table 1 . Flexural tests and ultimate load results. 



Specimen 


I width, thicknes 
D mm , mm 


Test Fixture 




Orientation 


fracture 


30 13.8 underpin C/SiC 

30 13.5 underpin UHTC 

96 15.9 center C/S iC 

96 15.8 center UHTC 

96 15.8 center UHTC 



Ultimate Calculated 
Load, N Load 
Based on 
Beam 
Theory,* N 




Table 2. Flexural test stress and strain results. 
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Figure 1. As-received UHTCC plate 
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Figure 2. Specimen lay-out for the UHTCC plate. 
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Figure 3. Macrophotographs of UHTCC plate. 



Figure 4. FESEM micrographs of the as-received UHTCC plate . 
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Figure 5. Cross-section of as-received UHTCC 
plate and surface phases detected by XRD. 



Figure 6. Photomicrographs of the C/SiC side of the as-received UHTCC plate. 
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Figure 7. Photomicrographs of areas near the center of the as-received UHTCC plate. 



Figure 8. Photomicrographs of the HfB 2 side of the as-received UHTCC plate. 
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Figure 9. FESEM photomicrographs and EDS identifications of phases 
present in the as-received UHTCC plate, (a) Matrix on the C/SiC side, 
(b) HfB 2 coating layer. 
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Figure 10. UHTCC flexural strength test results 
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Figure 1 1 . Sample C tested with the C/SiC side in tension and a span / depth ration of ~ 16. 



Figure 12. Sample D tested with the UFITC side in tension and a span / depth ration of ~ 16. 
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Figure 13. UHTCC after furnace oxidation at 1627 °C. 



Figure 14. FESEM micrographs of UHTCC after exposure in air furnace 
oxidation at 1627 °C. 
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Figure 16. UHTCC composite after ten-minute furnace exposure cycles to 1627 
°C. Thickness differences are due to oxidation and variations in plate thickness. 
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Figure 17. UHTCC composite after 10 ten-minute furnace exposure cycles 
to 1627 °C in air. The oxidized surface, originally HfB 2 -rich, is shown. The 
surface oxide is primarily HfSiC> 4 , with some areas of HfC> 2 and Si0 2 . 
Beneath this layer, all brightly contrasting particles are Hf0 2 except the 
three larger particles specifically labeled as HfB 2 . 



Figure 18. Photographs of specimen “O” during cool-down 
from 1805 °C oxy-acetylene torch test. 
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Figure 19. Photographs of UHTCC specimen “N” after three 
four-minute torch cycles to 1815 to 2015 °C. Gold foils indicate 
locations where FESEM microscopy and EDS were performed. 



Figure 20. FESEM photomicrographs and EDS identifications of phases 
present on the center of the UFITCC surface after three torch cycles. 
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Figure 21 . FESEM photomicrographs and EDS identifications of phases 
present at Ri ng A and Ring B of the UHTCC surface after three torch cycles. 



a. One 4-minute cycle to 1805 °C. 


C/SiC Side 


UHTC Side 



b. Three 4-minute cycles to 1815 to 201 5 °C. 

Figure 22. UHTCC torch test specimen center cross-sections. 
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Figure 23. UHTCC torch test specimen cross-sections at center of hot side, (a) After 
one 4-minute cycle to 1805 °C. (b) After three 4-minute cycles to 1815 to 2015 °C. 
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